Abstract -A crystal-rich volcaniclastic sandstone in the lower Peltura scarabaeoides Zone at Ogof-ddû near Criccieth, North Wales, yields a U-Pb zircon age of 491 ± 1 Ma. This late Late Cambrian date indicates a remarkably young age for the Cambrian-Ordovician boundary whose age must be less than 491 Ma. Hence the revised duration of the post-Placentian (trilobite-bearing) Cambrian indicates that local trilobite zonations allow a biostratigraphic resolution comparable to that provided by Ordovician graptolites and Mesozoic ammonites. § Author for correspondence
Introduction
The faunal successions that formed the basis for the original definition of the Ordovician System and consequent restriction of the Cambrian System in Wales (Lapworth, 1879) are developed across the ancient Avalon continent of southern Britain and the coastal northeastern Appalachians (Landing, 1996) . Recent research has enhanced the significance of the Avalonian faunal succession as a standard for global correlation and for understanding the Cambrian evolutionary radiation. The Precambrian-Cambrian boundary global stratotype was ratified at a horizon in southeastern Newfoundland (Landing, 1994) , and the uppermost Precambrian to Ordovician of Avalon, which is replete with volcanic ashes, has recently been used for precise U-Pb dating (Isachsen et al. 1994; Tucker & McKerrow, 1995; Landing et al. 1997, in press ).
Because faunal provinciality makes Cambrian through Middle Ordovician interregional correlation problematical, high-resolution geochronology is needed to improve correlation and provide a temporal standard for understanding Cambrian biotic diversification. However, there is no satisfactory determination of the age of the Cambrian-Ordovician boundary, and the duration of the Cambrian is consequently uncertain. Recent estimates on this systemic boundary range through 15 Ma: 505 Ma (Harland et al. 1990) , 495 Ma (Tucker & McKerrow, 1995) , and an "arbitrarily selected date of 490 Ma ... with the acknowledgement that it is likely to be substantially younger" (Shergold, 1995, p. 4) .
The possibility of a more reliable estimate on the Cambrian-Ordovician boundary age was provided by Fearnsides' (1910, p. 153) report of a 'granular feldspathic ash-bed' in the section at Ogof-ddû east of Criccieth, North Wales (Fig. 1) . A bulk collection was made from this bed for U-Pb zircon dating because work since Fearnsides' (1910) paper has documented a detailed faunal succession at Ogof-ddû and indicates a high Upper Cambrian position for this volcanic ash (Howells & Smith, 1997, p. 14) .
Occurrence and correlation of Ogof-ddû ash-bed
Fearnsides ' (1910) 'granular feldspathic ash-bed' is exposed in a low sea-cliff formed during a Quaternary marine high-stand and is located on the south side of the small hill Rhiw-for-fawr, Criccieth. The cliff, reached by walking the coastal railway for 1.25 km east of Criccieth, lies 40 m north of the track. The Ogof-ddû ash-bed ('ash' hereafter) is a conspicuous lenticular (0-22 cm), yellowish to rusty-weathering, pyritiferous, medium-to coarsegrained, crystal-rich volcaniclastic sandstone in a west-dipping (30-45°) sequence. Chalky-weathering, subhedral to euhedral feldspars dominate the bed, and a whitish, fine-grained matrix may represent hydrated glass.
A fine-grained bed with phosphatic nodules and sandy laminae about six metres above the Ogof-ddû ash separates the somewhat darker mudstones of the upper Dolgellau Formation from the overlying, paler grey mudstones of the Dol-cyn-afon Formation (Fig. 2) . The Dolcyn-afon Formation consists of silty mudstones with phosphatic nodules (Allen, Jackson & Rushton, 1981; Howells & Smith, 1997) . It might be noted that the Dolgellau to Dol-cyn-afon sequence is lithologically identical to the Chesley Drive Group, of Late Cambrian to earliest Ordovician (late Tremadoc) age, in the platform successions in Avalonian North America (Landing, 1996; Landing et al. 1997) , and a unified stratigraphic nomenclature may be appropriate for these nowseparated Avalonian regions.
Trilobite faunas allow assignment of the Ogof-ddû ash to the upper Merioneth (Upper Cambrian) Peltura scarabaeoides Zone of Henningsmoen (1957) . The faunas, mainly collected from calcareous nodules, are reported by Rushton (in Howells & Smith, 1997, p. 11) . Poorly preserved trilobites of the Peltura minor Zone were obtained 2 m below the ash-bed (Fig. 2) . Somewhat above this, a dark grey carbonate nodule 1 m below the ash contains Peltura scarabaeoides scarabaeoides (Wahlenberg), Parabolinites? longispinus (Belt), and Sphaerophthalmus major Lake, and these indicate the overlying Peltura scarabaeoides Zone. A paler, sandier nodule 0.6 m below the ash contains P? longispinus, P? williamsonii (Belt), Sphaerophthalmus humilis (Phillips), and one fragmentary cranidium of Ctenopyge (C.) linnarssoni Westergård. The last species suggest the Ctenopyge linnarssoni Subzone, the second of four subzones in the Peltura scarabaeoides Zone (Henningsmoen, 1957) . Cleaved mudstones 3-4 m above the ash represent Fearnsides' (1910, p. 153) 'Agnostus Band', and yield P. scarabaeoides westergardi Henningsmoen and Neoparabolina lobata praecurrens (Westergård), taxa that indicate the third subzone (Parabolina lobata Subzone) of the Peltura scarabaeoides Zone in Norway (Henningsmoen, 1957) . These data show that the ash lies in the lower half of the Peltura scarabaeoides Zone.
No distinctive fossils are known for 3 m above the lobata Subzone fauna. A doubtful cranidium of Parabolina acanthura (Angelin) was recovered from the top of the phosphatic nodule bed, some 7 m above the ash. This cranidium suggests either the top of the uppermost Cambrian Acerocare Zone or the overlying zone with Boeckaspis hirsuta (Brögger) at the base of the Tremadoc Series (see Bruton, Koch & Repetski, 1982, p. 65) . In North Wales, the Acerocare Zone is better developed 30 km east-southeast of Ogof-ddû in the area of Bryn-llin-fawr, where it is 20 m or more in thickness, contains P. acanthura in its upper part, and is overlain by beds with lowest Tremadoc B. hirsuta and the dendroid graptolite Rhabdinopora (Rushton, 1982; Rushton in Fortey et al. 1991) . This thicker and more complete development of the uppermost Cambrian may mean that the condensation in the uppermost Cambrian at Ogof-ddû (and possible brief hiatus suggested by Stubblefield, 1956, p. 38) are only of local occurrence.
The position of the Cambrian-Ordovician boundary is not precisely identified in the Ogof-ddû section. The lowest dendroid graptolites, representing a practical base for the Tremadoc Series and Ordovician System (Moberg, 1900; Skevington, 1966) , are Rhabdinopora flabelliformis socialis (Salter) occurring about 16 m above the Ogof-ddû ash. However, at present no international agreement has been reached on the definition of the Cambrian-Ordovician boundary. The Working Group on the Cambrian-Ordovician Boundary is currently considering the lowest occurrences of species assigned to the conodont Iapetognathus Landing for recognizing the base of the Ordovician. Although such a base probably lies just below, or within, the lowermost Tremadoc, it is not directly recognizable within siliciclastic-dominated sequences like those in Avalon (Landing, 1993) , and is likely to lie either in the interval with the lowest occurrence of R. flabelliformis socialis at Ogof-ddû or within the unfossiliferous interval immediately below it.
Zircon geochronology
U-Pb data were acquired in the radiogenic isotope laboratory at the Massachusetts Institute of Technology. Zircons were separated from the ash sample by the standard techniques of crushing, Wilfley table, magnetic separation and heavy liquids. Zircons were air-abraded (Krogh, 1982) were separated from the resulting solution by the use of standard anion exchange chemistry. Total procedural blanks during the course of these analyses varied from 1.0-3.5 pg for Pb and < 0.5 pg for U. Isotopes of Pb and U were measured with a VG Sector 54 thermal ionization mass spectrometer. Isotopes of Pb were analysed with a Daly detector in ion-counting mode. In general, an ion beam between 0.5 and 1. Ludwig (1989) , and all age uncertainties are quoted at the two sigma confidence level. Additional analytical details are in Table 1 .
There are at least two populations of zircons from the Figure 2 . Lithological succession and distribution of selected fossils at Ogof-ddû. Data from Rushton (1982) and Howells & Smith (1997, fig. 5 ).
sample of crystal-rich tuff. The least common are long, doubly terminated grains that measure 150 × 30 microns (Table 1, z8 ). The most common are generally clear, inclusion-free, doubly terminated grains, which are 50-75 microns long and 50 microns in width. The data define a cluster of four concordant and five slightly to moderately discordant analyses (Fig. 3) . Linear regression of all nine data points yields an upper intercept ‡ Corrected for fractionation, spike, blank, and initial common Pb. All errors are reported as 2σ. Zircons analysed at MIT using standard procedures for dissolution, Pb and U separation, and isotopic analysis (Bowring et al., 1993) . Number of zircons in each fraction shown in parentheses after fraction name. All zircon fractions are air abraded (Krogh, 1982) . Sample weights are estimated using a video monitor with a gridded screen and are known to within 40%. Common Pb corrections were calculated using the model of Stacey & Kramers (1975) and the interpreted age of the sample. Pb blank ranged from 1 to 3 pg during this study and most analyses were reduced using a Pb blank of 3.5 pg ± 50%. For analyses with less than 3.5 pg common Pb, the total common Pb was assumed to be blank. U blank = 0.2 ± 0.2 pg. Data reduction and error analysis was accomplished using the algorithms of Ludwig (1989 Ludwig ( , 1990 . U dates of the four nearly concordant analyses are 490.9 ± 1.5 Ma (MSWD=0.64), 490.7 ± 0.7 Ma (MSWD=2.4), and 490.7 ± 0.5 Ma (MSWD=0.91), respectively. We suggest that 491 ± 1 Ma is the best estimate of the age of this rock.
Discussion
Determination of a date of 491 ± 1 Ma for a high upper Cambrian stratum is consistent with recent estimates for a younger age for the Cambrian than was previously thought. It also allows a new evaluation of the durations of Cambrian series and an improved estimate of the age of the Cambrian-Ordovician boundary.
4.a. Cambrian-Ordovician boundary
Of the recent estimates on the age of the CambrianOrdovician boundary noted above, the Ogof-ddû age supports Shergold's (1995) proposal of a boundary age that is younger than 490 Ma. It should be emphasized that the ash is not highest Cambrian and that the Ogof-ddû section is quite condensed by comparison with CambrianOrdovician boundary sections such as those on the Laurentian carbonate platform in the Great Basin and southwestern United States. A significant amount of time could be represented by the 16 m interval bracketed by the ash-bed (lower Peltura scarabaeoides Zone) and the lowest occurrence of the lower Tremadoc dendroid Rhabdinopora flabelliformis socialis.
Conodont evidence shows that the upper Acerocare Zone in Avalon and the Baltic Platform correlates into the lower Cordylodus proavus Zone in Laurentia (Landing, Taylor & Erdtmann, 1978; Bruton, Koch & Repetski, 1988) . Similarly, a correlation of the lowest Tremadoc with the overlying lower conodont Fauna B interval (Ethington & Clark, 1971) , proposed by Landing (1984) , is supported by subsequent work (e.g. Barnes, 1988; Bruton, Koch & Repetski, 1988) . These data imply that the 9-m-thick interval at Ogof-ddû, bracketed below by the phosphatic bed and above by the lowest Rhabdinopora flabelliformis socialis (Fig. 2) , correlates approximately with the Cordylodus proavus Zone-lowest Fauna B interval. On the carbonate platform of western Utah, southern Oklahoma and central Texas, the latter interval is represented by 30-80 m of section (see, for example, Miller et al. 1982) , and is underlain by at least 20-50 m of strata of the middle Saukia Zone. If the assumptions are made that (1) the 6 m of shale between the ash and the phosphatic nodule bed had a rate of accumulation of compacted sedimentary rock comparable to the interval above the phosphatic nodule bed, and (2) there is no important hiatus at the phosphatic nodule bed, then the 6 m of section between the ash and the nodule bed should be correlated with the middle Saukia Zone of the western United States. Several million years may be represented by the 50-130 m of uppermost Cambrian carbonate rock in Utah, Oklahoma, and Texas that are presumably younger than the Ogof-ddû ash. For this reason, the Cambrian-Ordovician boundary is likely to be somewhat younger than the age determined at Ogof-ddû. Tucker & McKerrow's (1995) graphic resolution of age of the Cambrian-Ordovician boundary at 495 Ma relied on a recalibrated Rb-Sr whole rock age of 501 ± 7 Ma on sample HDA 9B1 from the upper Cordylodus proavus Zone at Dayangcha, northeast China (Chen et al. 1988) . A U-Pb zircon age of 491 ± 1 Ma from strata below equivalents of the Cordylodus proavus Zone at Ogof-ddû indicates that the Chinese sample should have a date significantly younger than the mean Chinese age of 501 Ma. The apparently old age of the Chinese sample led to an estimate of 495 Ma for the Cambrian-Ordovician boundary, an age that is now shown to be within the Late Cambrian. The new date also shows that the K-Ar date of 508 ± 11 inferred for the Tremadoc-Arenig boundary by Kokelaar, Fitch & Hooker (1982) is highly suspect. Their result was from the Rhobell Volcanic Group which lies between high Tremadoc and low Arenig strata and is stratigraphically much higher than the Ogof-ddû ash.
4.b. Duration of Cambrian series
The age of the Ogof-ddû ash and recent geochronology allow preliminary estimates for the duration of Cambrian series. Although international agreement does not exist either on the number or boundaries of globally appropriate chronostratigraphic divisions of the Cambrian, the Cambrian of Avalonia and other areas can be divided into four series-level divisions. These include Upper and Middle Cambrian (Merioneth and St David's series in Britain) and two series, the trilobite-bearing Branchian and the sub-trilobitic Placentian, that comprise a Lower Cambrian subsystem (see, for example, Landing, 1996) .
Dates on fossiliferous Middle Cambrian rocks of Tasmania using the SHRIMP ion probe (Perkins & Walshe, 1993) currently provide the only data from which to estimate the age of the lower boundary of the Upper Cambrian. Considerable uncertainty surrounds the age of this boundary: recent estimates include Young & Laurie's (1996) estimate of 498 Ma and Shergold's (1995) suggestion that an age of 500 Ma is latest Middle Cambrian. However, the great age differences between Perkins & Walshe's (1993) two biostratigraphically constrained samples in the upper Middle Cambrian are problematical. Their mean age of 494.4 ± 3.8 Ma for zircons from the Comstock Tuff (Lejopyge laevigata II Zone) is almost 9 Ma younger than their mean age of 503.2 ± 3.8 Ma for a sample from the Southwell Subgroup. This latter sample, however, occurs in an interval with a carbonate clast debris-flow that yields only slightly older trilobites of the Gonioagnostus nathorsti-lower Lejopyge laevigata zones (Jago, 1996) , which suggests that the dates on the Southwell Subgroup and Comstock Tuff should be more similar than is indicated by the radiometric measurements. Landing et al. (in press ) reported dates from the Branchian Series of the Avalonian Lower Cambrian (Landing, 1992) , namely 519 ± 1 Ma for the lowest part of the Branchian in South Wales and 511 ± 1 Ma for the upper part in southern New Brunswick. These dates support a Lower-Middle Cambrian boundary age of 509 Ma (Young & Laurie, 1996) , or perhaps significantly younger, and a duration of the Middle Cambrian of 9 Ma or shorter.
In the Lower Cambrian of Avalon only about 8+ Ma is referable to the trilobite-bearing Branchian, whereas the base of the Lower Cambrian is at approximately 543 Ma (Bowring et al. 1993; Grotzinger et al. 1995) , so the Placentian Series (Landing, 1992) appears to represent about 25 Ma. These estimates indicate that the Lower Cambrian represents the majority of Cambrian time and that the pre-trilobitic Early Cambrian represents the greater part of Early Cambrian time, as suggested by Landing (1992 Landing ( , 1994 and Bowring et al. (1993) .
4.c. Average durations of Cambrian trilobite zones
If the Middle-Upper Cambrian boundary is approximately 500 Ma, the newly determined age for the Cambrian-Ordovician boundary that is younger than 491 Ma implies a duration of the Late Cambrian of > 9 Ma. It is inferred above that the Middle Cambrian is 9 Ma or shorter, suggesting that the total duration of the Middle and Upper Cambrian is about 19 Ma or more. Over 20 faunal zones are recognized in this stratigraphic interval in Australia (Shergold, 1995) and nearly 40 zones and subzones in Scandinavia (Henningsmoen, 1957; Thomas, Owens & Rushton, 1984) . Thus, although there is no evidence pertaining to the duration of individual zones, the general biostratigraphic and temporal resolution offered by trilobites within individual faunal provinces is comparable to that provided by Ordovician graptolites or Mesozoic ammonites.
